Class-I GATase contains a characteristic Cys-His-Glu triad. The carbonyl carbon of the glutamine side chain carboxamide group is attacked by the thiolate anion of Cys, and forms a tetrahedral intermediate. Then the protonation of the amino group by His collapses this intermediate, producing a thioester intermediate and ammonia. 1) Three-dimensional structures of Class-I
GATase have been reported in several species including an eukaryote, 2) ten bacteria 3)-12) and an archaeon. 13) Here, we report the crystal structure of a Class-I GATase from the hyperthermophilic archaeon Pyrococcus horikoshii OT3 (PH1346, a putative guanosine 5'-monophosphate (GMP) synthase, E.C. 6.3.5.2) 14) and its comparison with the crystal structures of anthranilate synthase from Sulfolobus solfataricus (34% identical in sequence) and GMP synthase from E. coli (37% identical in sequence). Materials and methods. The GATase from P.
horikoshii (PH-GATase) was overexpressed in E. coli BL21(DE3) cells as a fusion protein with an N-terminal His tag using the pET-28a(+) vector (Novagen). The harvested cells were sonicated in 50 mM sodium phosphate buffer (pH 8.0) containing 300 mM NaCl and 10 mM imidazole and then centrifuged at 40,000 g for 30 min. The supernatant was incubated for 30 min at 353 K and centrifuged at 40,000 g for 30 min. The supernatant was batch-incubated with Ni-NTA-agarose (Qiagen) for 30 min and applied to an Econopac column (Bio-Rad, Hercules, CA). The column was washed with 50 mM sodium phosphate buffer (pH 8.0) containing 300 mM NaCl and 20 mM imidazole. Then the protein was eluted in 50 mM sodium phosphate buffer (pH 8.0) containing 300 mM NaCl and 250 mM imidazole. The protein was further purified by size exclusion chromatography with a HiLoad 26/60 Superdex 75 pg column (Amersham) equilibrated with 20 mM Tris-HCl buffer (pH 8.0) containing 100 mM NaCl. The fractions containing PHGATase were dialyzed against 5 mM Tris-HCl (pH 8.0) and concentrated to 28.6 mg/ml in Centriprep-3 concentrators (Amicon). The purity was ascertained by SDS-PAGE and the concentration was determined with the absorbance at 280 nm. Crystallization was carried out at 278 K by the hanging-drop vapor-diffusion method using Crystal Screens 1 and 2 (Hampton Research). Each hanging-drop was Crystals suitable for X-ray analysis were obtained in a few days with the reservoir solution consisting of 100 mM sodium acetate pH 4.6 and 2.0 M sodium chloride. SeMet-labeled 15) PH-GATase was prepared with the same expression system and crystallized under the same conditions. The crystals were soaked in the reservoir solution supplemented with 10% (v/v) glycerol as the cryoprotectant for a few seconds before flash-freezing in the cryo nitrogen gas stream. X-ray diffraction data were collected at beamline BL41XU at SPring-8 (Harima, Japan). The native dataset was collected at 0.9740 Å. The crystals diffracted X-rays beyond 1.60 Å resolution. The diffraction data to 1.89 Å were indexed and scaled with the programs HKL2000 and SCALEPACK, 16) respectively.
The crystals belonged to space group ) and solvent content of 58.7%. 17) The datasets for a SeMet-labeled crystal were collected at wavelengths of 0.9894 Å (remote), 0.9792 Å (peak), and 0.9794 Å (edge). The structure of SeMet-labeled GATase was solved using the single-wavelength anomalous diffraction (SAD) method using the peak dataset. Five positions out of six Se atoms in an asymmetric unit were determined using the program SOLVE.
18) The program RESOLVE 19) was used to improve phases. The density map was obtained only when we used the space group P3 2 21. Automated model building was carried out with ARP/wARP, 20) and the remainder was built manually with XtalView. 21) The structure was refined with Refmac5. 22) The structure of the native enzyme was then determined by the molecular replacement method with the program MOLREP 23) using the refined structure of SeMet-labeled PH-GATase as an initial model. Then, the structure was refined with the following programs: CNS 24) (simulated annealing and B-factor refinements), XtalView (manual fitting), and Refmac5 (TLS 25) and restrained refinements). The refined structure was validated with PROCHECK 26) and visualized with PyMOL.
27)
The atomic coordinates of PH-GATase have been deposited into the Protein Data Bank with the accession number of 2D7J. Results and discussion. The crystal structure of PH-GATase was solved at 1.89 Å resolution and refined to an R factor of 18.6% and an R free of 21.0%. The structure turned out to be a monomer. The final electron density allowed modeling of 187 residues as well as 53 water molecules. N-terminal His-tag, Met1, and the side chains of Asp112 and C-terminal Leu189 were missing. Asp112 and Leu189 were modeled as Ala. The backbone geometry of the native structure was ascertained by Ramachandran plot, where 89.9% and 8.2% of the residues were in the most favored and additional allowed regions, respectively. Cys79 and Asp112 (modeled as Ala) were in the disallowed regions. The activesite Cys79 had an unusual backbone torsion angles (ϕ = 55.9˚, Ψ = 102.5˚), but that is a characteristic feature of this class of enzymes. 12) The overall structure of PH-GATase is shown in Fig.  1 . PH-GATase has an α/β structure consisting of 11 β-strands, five α-helices and one 3 10 -helix. The core of the domain is a seven-stranded β-sheet (β 1, β 2, β 3, β 4, β 9, β 10, β 11) surrounded by α-helices on both sides.
Two closest structural homologues to PH-GATase were found in the DALI database. 28) One was the glutaminase subdomain (GuaA) of GMP synthase from E. coli (PDB code 1GPM) 3) and the other was the glutaminase subunit (TrpG) of anthranilate synthase from Sulfolobus solfataricus (PDB code 1QDL). 13) The sequence identities and root-mean-square deviations (RMSDs) were 37% and 1.8 Å (for 182 C α atoms)
between PH-GATase and GuaA, and 34% and 1.6 Å (for 179 C α atoms) between PH-GATase and TrpG.
The superposition of the active sites of these molecules are shown in Fig. 2 . The residues of the active-site triad consisting of Cys79, His166 and Glu168 are well conserved among the three enzymes. But there are two remarkable differences in the side-chain conformation of the active-site residues. The side-chain conformation of Glu168 is different between PH-GATase/GuaA and TrpG, but this difference does not affect the hydrogen bond between Glu168 and His 166. On the other hand, the Cys C β -S γ bond in Cys79 is rotated ca. 100˚ between PH-GATase/TrpG and GuaA, which suggests that the substrate recognition of PH-GATase would be closer to that of TrpG than that of GuaA. We are now trying to crystallize PH-GATase in complex with substrate (glutamine) or inhibitor to analyze the structural basis of substrate recognition and reaction mechanism of PH-GATase. 
